In Escherichia coli, a long-chain acyl-CoA is a regulatory signal that modulates gene expression through its binding to a transcription factor FadR. In this study, comparative proteomic analysis of E. coli in the presence of glucose and oleic acid was performed to understand cell physiology in response to oleic acid. Among total of 52 proteins showing altered expression levels with oleic acid presence, 9 proteins including AldA, Cdd, FadA, FadB, FadL, MalE, RbsB, Udp, and YccU were newly synthesized. Among the genes that were induced by oleic acid, the promoter of the aldA gene was used for the production of a green fluorescent protein (GFP). Analysis of fluorescence intensities and confocal microscopic images revealed that soluble GFP was highly expressed under the control of the aldA promoter. These results suggest that proteomics is playing an important role not only in biological research but also in various biotechnological applications.
INTRODUCTION
Exogenous fatty acids and their derivatives influence a wide variety of cellular processes including fatty acids and phospholipids synthesis, organelle inheritance, vesicle fusion, protein export and modification, enzyme activation or deactivation, cell signaling, membrane permeability, bacterial pathogenesis, and transcriptional control [1, 2] . The process governing the transport of fatty acids from environmental conditions across the membrane is distinct from the transport of hydrophilic substrates such as sugars and amino acids. In a number of cell types, the process of fatty acid transport is inducible and commensurate with the expression of specific sets of proteins [2] . In wild-type Escherichia coli, growth on fatty acids requires specific transport system (FadL), acyl-CoA dehydrogenase (FadD), enzymes of the β-oxidation cycle (FadA, FadB, FadE, FadF, FadG, and FadH), and glyoxylate shunt (AceA, AceB, and AceK), and these genes are negatively regulated by a transcriptional factor, FadR. Supply of long-chain fatty acids that contain 12 or more carbons results in the derepression of the genes negatively controlled by FadR but leads to the decreased expression of the genes (e.g., fabA and fabB) activated by FadR, indicating that long-chain acyl-CoA esters are the effector molecules that regulate fatty acids metabolism and thereby mediate inductions [3] . Therefore, E. coli cells can grow on minimal medium containing long-chain fatty acids but it cannot grow on short-and medium-chain fatty acids due to no induction of the enzymes associated with fatty acids metabolism. So far, genes involved in fatty acids metabolism (i.e., fad regulon) of E. coli have been reported at the transcriptional level by biochemical and genetic analyses [3] [4] [5] [6] . Therefore, in this study, we looked at the effects of long-chain fatty acids at the translational level of E. coli.
Proteomics has changed the way to study cellular physiology. Previously, one or more proteins were chosen as models for understanding local physiological phenomena. Nowadays, proteomic studies allow researchers to identify large members of stimulons, a set of proteins whose amount or synthesis rate changes in response to a certain stimulus, and to obtain information that indicates which specific proteins should be studied further. Comparative proteome profiling under various environmental conditions also reveal new regulatory circuits and the relative abundances of protein sets at the system-wide level. Such analyses of every protein induced or repressed by the stimulus may provide the necessary information to understand a response in the cell. Furthermore, proteome profiles can prove invaluable when used in conjunction with various molecular biological tools including recombinant DNA technology [7] . For example, conditional promoters activated by the specific stimulus, such as stationary phase, pH, temperature, and nutrient limitation have been used for efficient production of heterologous proteins in bacteria [8] .
In this study, proteomic studies that compared global translational differences between E. coli W3110 cells in the presence of glucose and oleic acid (C 18 ) were conducted. The present study has three goals: (i) to identify the stimulon of the oleic acid; (ii) to select target proteins from the stimulon to utilize them as the oleic acid-inducible promoter; and (iii) further to apply it for the production of recombinant proteins or other biotechnological systems.
MATERIALS AND METHODS

Bacterial strains and plasmids
The bacterial strains and plasmids used in this study are shown in Table 1 . E. coli XL1-Blue was used as a strain forcloning and maintenance of plasmids. E. coli W3110 was used as a host strain for proteomic studies and the production of a recombinant protein. PCR primers used in this study are listed in Table 2 . Primers for the amplification of the promoter regions of aldA and udp genes were designed based on the genome sequence of E. coli K-12 W3110 (AC 000091). The promoter region of aldA gene was amplified by PCR using primers 1 and 2, and was cloned into the EcoRV and EcoRI sites of pTac99A to make pAD99A (Table 1) . In fact, pTac99A is a derivative of pTrc99A (Pharmacia Biotech., Uppsala, Sweden), which was constructed by replacing the trc promoter of pTrc99A with the tac promoter from pKK223-3 (Pharmacia Biotech) digested by PvuII and EcoRI [9] . Also, the promoter region of udp gene was amplified by PCR using primers 3 and 4, and was cloned into the EcoRV and EcoRI sites of the high-copy-number plasmid pTac99A to make pUP99A (Table 1) . Both promoters were constructed with the ribosome binding sites consisting of the AGGA sequence having an optimal distance length of 8 bases from a start codon [10] .
PCR was performed in the PCR Thermal Cycler MP (Takara Shuzo Co., LTD., Shiga, Japan) using the Expand High Fidelity PCR System (Roche Molecular Biochemicals, Mannheim, Germany). DNA sequencing was carried out using the Bigdye terminator cycle sequencing kit (Perkin-Elmer Co., Boston, Mass, USA), Taq polymerase and the ABI Prism 377 DNA sequencer (Perkin-Elmer Co., Mass, USA). All DNA manipulations were carried out according to standard procedures [11] .
Cell growth conditions and analytical procedure
Cells were cultivated at 37
• C and 250 rpm in 100 mL of Luria-Bertani (LB) medium (10 g/L of tryptone, 5 g/L of yeast extract, and 5 g/L of NaCl), or R/2 medium plus 10 g/L glucose or 5 g/L oleic acid (Daejung Chemicals & Metals Co., Gyeonggi-do, Korea) as a carbon source. The R/2 medium (pH 6.8) contains per liter: 2 g of (NH 4 24 . For the cultivation of recombinant E. coli strains, ampicillin (Ap, 50 μg/mL) was added. Cell growth was monitored by measuring the absorbance at 600 nm (OD 600 ; DU Series 600 Spectrophotometer, Beckman, Fullerton, Calif, USA). At an OD 600 of 0.7 or 1.2, isopropyl-β-Dthiogalactopyranoside (IPTG, Sigma Chemical Co., St. Louis, Mo, USA) was added at a final concentration of 1 mM. For induction by oleic acid, the defined medium supplemented with 10 g/L glucose was changed into the medium plus 5 g/L oleic acid after cells were collected by centrifugation at the same OD 600 of 0.7 or 1.2. Then, cells were further cultivated for 5, 10, and 20 hours, and harvested by centrifugation at 3,500 × g for 5 minutes at 4
• C. Protein samples were analyzed by electrophoresis on 12% (w/v) sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as described by Laemmli [12] . The gels were stained with Coomassie brilliant blue R250 (Bio-Rad, Hercules, Calif, USA), and the protein bands were quantified by a GS-710 Calibrated Imaging Densitometer (Bio-Rad).
Two-dimensional gel electrophoresis (2DE)
Proteome analysis was performed by 2DE using the IPGphor IEF system (GE Healthcare, Chalfont St. Giles, UK) and Protean II xi Cell (Bio-Rad) as described previously [13] . In brief, E. coli W3110 cells grown in the presence of glucose and oleic acid were harvested at the exponential and stationary phases, respectively, by centrifugation for 5 minutes at 3,500 × g and 4
• C, and washed four times with low-salt washing buffer. The pellet was then resuspended in 600 μL of a buffer containing 10 mM Tris-HCl (pH 8.0), 1. GE Healthcare). The samples were carefully loaded on the IPG strips (18 cm, pH 3-10 NL; GE Healthcare). The loaded IPG strips were rehydrated for 12 hours and focused at 20
• C for 15 minutes at 250 V, followed by 8,000 V until a total of 60,000 V·h was reached. The strips were equilibrated in two equilibration buffers as described previously [15] and then placed on 12% (w/v) SDS-PAGE gels prepared by the standard protocol [12] . Protein spots were visualized using a silver staining kit (GE Healthcare), and the stained gels were scanned by a GS-710 Calibrated Imaging Densitometer (BioRad). ImageMaster 2D Platinum Software (version 5.0; GE Healthcare) was used to identify spots, to match gels, and to quantify spot densities on a volume basis (i.e., integration of spot optical intensity over the spot area).
Fractionation of outer membrane proteins
Culture broth (3 mL) was centrifuged at 3,500 × g for 5 minutes at 4
• C, and the pellet was washed with 1 mL of 10 mM Na 2 HPO 4 buffer (pH 7.2), followed by centrifugation at 3,500 × g for 5 minutes at 4
• C. The cell pellet was resuspended in 0.5 mL of 10 mM Na 2 HPO 4 buffer (pH 7.2). Crude extracts of E. coli cells were prepared by five cycles of sonication (each for 15 seconds at 20% of maximum output; High-intensity ultrasonic liquid processors; Sonics & Material Inc., Newtown, Conn, USA). Partially disrupted cells were first removed by centrifugation of sonicated samples at 12,000 × g for 2 minutes at room temperature. Membrane proteins and lipid layers were isolated by centrifugation at 12,000 × g for 30 minutes at 4
• C, followed by resuspension in 0.5 mL of 0.5% (w/v) sarcosyl in 10 mM Na 2 HPO 4 buffer (pH 7.2). After incubation at 37
• C for 30 minutes, the insoluble pellet containing membrane proteins was obtained by centrifugation at 12,000 × g for 30 minutes at 4
• C. Membrane proteins were obtained by washing the insoluble pellet with 10 mM Na 2 HPO 4 buffer (pH 7.2), followed by resuspending in 50 μL of Tris-EDTA buffer (pH 8.0).
Protein identification by LC-MS/MS analysis
Samples for the MS/MS analysis were prepared as described previously [16] . Briefly, protein spots were excised and destained by incubating in 30 mM potassium ferricyanide and 65 mM sodium thiosulfate for 10 minutes. Gel pieces were washed in Milli-Q water until they became colorless and transparent, and then vacuum-dried. These pieces were proteolysed with 0.02 μg/μL of modified trypsin (Promega, Madison, Wis, USA) in 40 mM ammonium bicarbonate for overnight at 37
• C. Tryptic peptides (10 μL aliquots) were analyzed by a nano-LC/MS system consisting of an Ultimate HPLC system (LC Packings, Amsterdam, Netherlands) and a quadrupole-time-of-flight (Q-TOF) MS (Micromass, Manchester, UK) equipped with a nano-ESI source as described previously [15] . The MASCOT search server (version 1.8; http://www.matrixscience.com) was used for the identification of protein spots by querying sequence of the tryptic peptide fragments. Reference databases used for the identification of target proteins were UniProt Knowledgebase (Swiss-Prot and TrEMBL; http://kr.expasy.org) and NCBI (http://www.ncbi.nlm.nih.gov).
Fluorescence microscopy and intensity of GFP
For fluorescence imaging, cells were harvested by centrifugation for 5 minutes at 3,500 × g and 4
• C, washed with and resuspended in phosphate-buffered saline (PBS) solution. The samples were mounted on microscopic slide glasses and examined by confocal microscopy (Carl Zeiss, Jena, Germany). Photographs were taken with a Carl Zeiss LSM 410 instrument. Samples were excited by a 364-nm argon laser, and images were filtered by a longpass 505-nm filter. Threedimensional images were constructed from 5-10 serial images (each 1-Am thick) made by automatic optical sectioning. Fluorescence intensities were measured at 395 nm (excitation) and 509 nm (emission) using the SpectraMax M2 multi-detection system (Molecular Devices, Sunnyvale, Calif, USA), and a 96-well black and clear flat-bottom plate (Coastar, Los Angeles, Calif, USA).
RESULTS AND DISCUSSION
Proteome analysis
To understand physiological changes triggered by the longchain fatty acid, we analyzed the proteome profiles of E. coli K-12 W3110 grown in the presence of glucose and oleic acid, respectively. The final concentration of cells cultured in oleic acid as a carbon source was 4-fold higher than that of cells grown in glucose, although the former took a longer lagperiod for induction of the fad regulon (see Figure 1) . Samples of proteome were taken at the exponential and stationary phases in two different media (see Figure 1 ): when the OD 600 of E. coli reached 0.57 and 1.25 in the presence of glucose, named G1 and G2, respectively; and when the OD 600 reached 0.56 and 5 in the presence of oleic acid, named O1 and O2, respectively. The proteome profiles of the four samples, G1, G2, O1, and O2, were analyzed by 2D PAGE using a strip of 3-10 pI range and 12% polyacrylamide gel for subsequent comparisons (see Figure 2) . The overall profiles of whole cellular proteins were reproducible. From over 2,000 spots on each 2D gel shown in Figure 2 , we identified 92 proteins by comparing with our in-house E. coli proteome database or by conducting LC-MS/MS analysis. Functions and fold changes of individual proteins are shown in Table 3 .
The outer membrane proteins were enriched by fractionation, and separated on 12% SDS-PAGE (see Figure 3) . Membrane proteins are typically difficult to be resolved in the IEF denaturation buffer used commonly for 2D gels because of their hydrophobic property. The highly abundant porin, OmpF whose expression level was regulated by osmolarity [17] , was observed at the exponential phase of E. coli in the presence of glucose. As expected, the long-chain fatty acid transporter protein, FadL, was newly synthesized in the presence of oleic acid. This result proves that E. coli requires the specific transport system (fadL) on the growth of fatty acids.
Identification of the proteins stimulated by oleic acid
To examine the influence of oleic acid on the proteome profile variation, we compared the proteomes obtained from the exponential phase (O1 versus G1) and the stationary phase (O2 versus G2), as shown in Table 3 . At the exponential growth phase, the levels of 41 identified proteins were altered in the presence of oleic acid. Among them, 9 proteins including AldA, Cdd, FadA, FadB, FadL, MalE, RbsB, Udp, and YccU were newly synthesized in response to oleic acid, while GapA (the fragment), hypothetical protein YfdX, and two unidentified proteins were not detectable. As expected, the levels of proteins involved in fatty acid degradation (FadA and FadB), long-chain fatty acid transport system (FadL), glyoxylate shunt (AceA). and TCA cycle (Mdh, SdhA, SucC, and SucD) were significantly increased to replenish the dicarboxylic acid intermediates consumed in amino acid biosynthesis. Particularly, isocitrate lyase (AceA) in the ace-BAK operon was significantly synthesized by more than five folds in the presence of oleic acid, making it the most abundant protein. Concurrently, there were decreased levels of proteins involved in the biosynthesis of fatty acids (FabD and FabE) and amino acids (AroG, LeuC, and SerC). These results showed that the variation patterns of most proteins identified as a fad regulon were in agreement with their corresponding transcriptional levels previously reported [2] [3] [4] [5] [6] . Furthermore, the growth of E. coli on oleic acid involves a significant contribution of the pyrimidine salvage pathway (Cdd and Udp) and specific binding-protein-dependent transport system (MalE and RbsB) because the levels of these proteins highly increased by oleic acid. The salvage pathway of E. coli functions to reutilize free bases and nucleosides Journal of Biomedicine and Biotechnology produced intracellularly from nucleotide turnover [18] . Also, the pyrimidine salvage pathway has been reported to recycle the pentose moieties of exogenous nucleosides to use them as carbon and energy sources and the amino groups of cytosine compounds as a nitrogen source. The D-ribose-binding periplasmic protein, RbsB in the rbsACBK operon, mediates the entry of D-ribose across the cell membrane in the form of D-ribose 5-phosphate, which is an intermediate of the pentose phosphate cycle [19] . Therefore, long-chain fatty acids seem to influence the status of the pyrimidine salvage pathway and its associated transport system. Interestingly, aldehyde dehydrogenase (AldA), which oxidize diverse aldehydes throughout the cellular metabolism, received a special attention in this study because of its possible applications in gene expression system with oleic acid as an inducer. It has been reported that the expression of aldA gene was induced on growth on fucose, rhamnose, arabinose, glutamate, or 2-oxoglutarate during aerobic condition, while that is repressed by glucose [20] . Our observation found in this study demonstrated that oleic acid is another inducer of the aldA gene. Its application as an inducible promoter is demonstrated in the next two sections.
At the stationary phase, the levels of 45 identified proteins were altered in response to oleic acid (Table 3) . Sixteen proteins including AceA, AcnB, AldA, AtpA, Cdd, FadA, FadB, FadL, Hns, Icd, MalE, RbsB, SucC, SucD, Udp, and YccU were significantly increased or newly synthesized, while 29 proteins were reduced or disappeared on 2D gels. Although the variations of proteins at the stationary phase were more complex, most proteins with altered levels on 2D gels at this phase showed patterns similar to those at the exponential growth phase.
Construction of the expression system with oleic acid-inducible promoters
Among proteins highly inducible by oleic acid, we selected two target proteins, AldA and Udp according to the following two criteria for their utilization as promoters: (i) they are only induced in the presence of oleic acid to be strictly controlled; (ii) they are strongly and highly expressed for the enhanced bioproducts production. AldA and Udp were synthesized in response to oleic acid with relatively high abundance from the exponential to stationary phases, and were not synthesized in the presence of glucose, suggesting that the native promoters of these proteins could be used as an oleic acidinducible promoter in E. coli W3110.
For the construction of the expression systems controlled by aldA or udp promoter, the promoter regions of these genes were amplified as described in Section 2. The representative schematic plasmid map under the control of aldA promoter is illustrated in Figure 4 . This is a high-copy-number plasmid with replication origin of pBR322 (ATCC 37017).
Comparison between the expression efficiency of oleic acid-and IPTG-inducible promoters
Various cultivation strategies employing different host strains and expression systems have been employed for the production of recombinant proteins [10, 21] . One of the most popular approaches is the use of different promoters to regulate expression levels [10] . In E. coli, many inducible promoters have been developed, which can be induced by various mechanisms such as temperature upshifting, pH fluctuation, nutrient starvation, and addition of chemical inducers. Among these inducible systems, T7 or lac-based promoters (tac, trc, lac, lacUV5-T7 hybrid, etc.), which can be effectively induced by the addition of IPTG, are the most frequently used ones. In order to evaluate the effectiveness of oleic acid-inducible promoters discovered in this study, we chose the IPTGinducible tac promoter as a control. Green fluorescent protein (GFP) from the jellyfish Aequorea Victoria was employed as a model recombinant protein to examine its expression under the control of aldA or udp promoter. For the induction of GFP by oleic acid, the defined medium supplemented with glucose was transferred into oleic acid medium at the OD 600 of 0.7 or 1.2. For the control, cells harboring the plasmid containing tac promoter were added with 1 mM IPTG at the same values of OD 600 in the defined medium supplemented with glucose. After induction by IPTG or oleic acid, cells were further cultured, harvested at each time, and analyzed by 12% SDS-PAGE (see Figure 5 ). When GFP is induced at the OD 600 of 1.2 in recombinant E. coli W3110 harboring pTac99GFP, pAD99GFP, and pUP99GFP, its contents were approximately 27%, 42%, and 25% of the total proteins at 10 hours, and 28%, 50%, and 25% at 20 hours, respectively. The GFP content induced by aldA promoter was Table 3 . Boxes further highlight specific corresponding regions of the 2D gel images, which are compared at higher resolution in the bottom of (E). Arrow lines indicate individual spots of AldA and Udp. about 2-fold higher than that obtained by IPTG-inducible tac or udp promoter. Under the IPTG-inducible promoter, the expression of GFP was low even in LB medium compared to the oleic acid-inducible aldA promoter (data not shown). Additionally, the final cell concentration of recombinant E. coli W3110 cells in the presence of oleic acid was 4-fold higher than that of recombinant E. coli cultured in glucose as a carbon source. This result was further confirmed by fluorescence intensity measurements and confocal microscopy (see Figure 6 ). Strong fluorescence was uniformly detected in recombinant E. coli cells under the control of aldA promoter. The fluorescence intensity of GFP obtained from W3110 harboring pAD99GFP was more than 30-fold higher than that obtained from W3110 harboring pTac99GFP, indicating that the aldA promoter efficiently enhances recombinant protein production compared to the tac promoter. Since the aldA promoter was not activated by glucose, GFP was not produced in the presence of glucose in accordance with the proteome profiles. GFP was only produced under the aldA promoter along with the supply of exogenous oleic acid. However, the tac promoter was not tightly controlled, leaking the recombinant protein even without IPTG induction. These results manifest that the aldA promoter is very efficient for the production of recombinant proteins in E. coli as an inducible promoter. The maximum productivity can be achieved when the growth and production phases are separated as conducted in this study. Separation of the two phases is often achieved by delaying induction time until the cell density reaches a suitable value. Until now, the IPTG-inducible promoters tac or trc have been widely used for basic research. However, the use of IPTG for the large-scale production of human therapeutic proteins is undesirable because of its toxicity and relatively high cost; the high concentration of IPTG can inhibit cell growth and recombinant protein production [22, 23] . Therefore, determination of optimal induction time point as well as the inducer concentration is crucial to increase the overall productivity of recombinant protein. In this regard, there have been significant efforts to overcome such problems by using different inducible or even constitutive expression systems [24] . Thus, the aldA promoter found in this study can be effectively used for the enhanced production of recombinant proteins with the aforementioned problems largely resolved.
In summary, the aldA promoter satisfies requirements for its utilization as a promoter. First, it is tightly controllable with an appropriate inducer, oleic acid in this case. Tight regulation of the promoter is essential for the synthesis of proteins which may be detrimental to the host cell. For example, the toxic rotavirus VP7 protein effectively kills cells, and must be produced under tightly regulated conditions [25] . Second, its expression is strong and long lasting, resulting in the accumulation of the target protein constituting up to 50% of the total cellular proteins. The third important characteristic of aldA promoter is its inducibility in a cost-effective manner by using exogenous oleic acid as an inducer.
CONCLUSION
Proteome analysis of the cells with focus on proteins induced or repressed by the stimulus provides clues to the understanding of cellular responses. This study revealed that 52 proteins showed significantly altered levels in E. coli grown with oleic acid compared to the glucose. Based on the resulting proteome profiles, the promoter of aldA gene was or oleic acid (bottom panels). As a control, the E. coli strain without plasmid is also shown (top panels). Shown in (b) are immunofluorescence micrographs (left panels), differential interference micrographs (middle panels), and merged images (right panels) of wild-type E. coli W3110 and its recombinant cells harboring pTac99GFP and pAD99GFP.
found to be strongly activated by oleic acid and subsequently to be demonstrated useful as an inducible promoter for the enhanced production of desirable targets. Thus, this study demonstrates that E. coli proteome profiles not only provide invaluable information for physiological status of the organism under specific conditions but also propose its biotechnological applications.
